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SUMMARY 

Small  scale  experiments  using  silica  gel,  ammonium  nitrate 
and  urea  show  that  formation  of  guanidine  nitrate  becomes 
erratic  if  insolubles  build  up  on  the  catalyst  surface. 

The  rate  of  production  of  insolubles  increases  rapidly  with 
temperature,  so  that  a  trade-off  between  low  conversions  at 
lower  temperatures  and  insoluble  formation  at  higher  tempera¬ 
tures  is  possible.  The  yield/temperature  relationship  is  a 
property  of  the  silica  gel  used.  Yields  of  guanidine 
nitrate  can  be  higher  than  predicted,  possibly  because  by¬ 
product  water  is  removed  in  the  form  of  ammonium  silicates 
rather  than  ammonium  carbamate.  Experiments  with  ,5N  and 
180  suggest  that  giianjjiine^nitrate  does  not  result  from  the 
direct  combination  of  cyanamide  and  urea:  oxygen  (or 
hydroxyl  groups)  of  the  silica  gel  plays  an  important  role. 
The  rate  of  formation  of  guanidine  nitrate  is  second  order 
(first  order  in  both  urea  and  ammonium  nitrate). 

The  phase  diagram  for  the  ternary  system  has  been  investi¬ 
gated. 


--n 


by 


MDsj 

F  A  Armstrong 
R  T  M  Fraser 


UNCLASSIFIED 


Further  copies  of  this  technical  report  can  be  obtained  from  Defence  Research 
Information  Centre,  Station  Square  House,  St  Maiy  Cray,  Orpington, 

Kent.  BR5  3RE 


UNCLASSIFIED 


CONTENTS 


Page  No 


1 

Introduction 

1 

2 

Background 

1 

3 

Analytical  Methods 

1 

3  i 

Urea 

p 

3  2 

Total  Nitrate 

C. 

2 

3  3 

Guanidine  Nitrate 

2 

4 

Materials 

2 

4  i 

Catalysts 

3 

5 

Apparatus 

3 

6 

Mass  Spectrometry 

3 

7 

Results 

4 

7  1 

Formation  of  Guanidine  Nitrate 

4 

7  2 

Evidence  for  Intermediates 

5 

8 

Labelling  Experiments 

5 

8  1 

1 5N-ammonium  Nitrate 

5 

8  2 

1 80  Experiments 

y 

6 

9 

Discussion 

6 

9  1 

Labelling  Experiments  and  the  Reaction  Mechanism 

8 

9  2 

Gaseous  Intermediates 

11 

10 

Acknowledgements 

11 

11 

References 

12 

Appendix:  The  Phase  Diagram  for  the  System  Ammonium 

Nitrate  -  Urea  -  Guanidine  Nitrate 

14 

Appendix:  Solidus  +  Liquidus  Equilibrium  Temperatures 

15-20 

Tables  1  to  26 

23  -  48 

Figures  1  to  15 

UNCLASSIFIED 


UNCLASSIFIED 


Reference :  WAC/220/01 1 


1  INTRODUCTION 

Because  of  current  uncertainties  in  the  continuing  supply  of  dicyandiamide, 
interest  has  been  shewn  again  in  the  so-called  silica  gel  process  for 
guanidine  nitrate  manufacture.  This  Report  deals  with  the  results  of  small 
scale  batch  experiments  carried  out  over  extended  periods  of  time;  with  a 
new  catalyst;  and  with  newer  methods  of  analysis  for  the  various  reactants 
and  products  involved. 


2  BACKGROUND 

The  use  of  silica  gel  as  a  catalyst  for  the  manufacture  of  guanidine  nitrate 
from  urea  and  ammonium  nitrate  was  first  reported  in  1955.1  To  a  first 
approximation,  two  moles  of  urea  react  with  one  of  ammonium  nitrate,  forming 
one  mole  of  guanidine  nitrate  and  one  of  ammonium  carbamate: 


2  NH2C0.NH2  +  NH4NO3  =  (NH2)2C=NJfc.N03  +  NK,  C02NH2 

Later  work  *  showed  that  at  least  on  the  small  scale  the  optimum  ratio  of 
reactants  lies  between  2:2:1  and  2:2:1. 8  (urea: ammonium  nitrate: silica  gel). 
Although  several  mechanisms  have  been  postulated3  for  the  reaction,  nothing 
has  been  done  until  now  to  distinguish  between  them  -  in  fact,  very  few 
studies  of  the  reaction  beyond  the  first  four  hours  have  been  made.  Within 
these  limitations,  several  patents  oovering  various  aspects  of  the  process 
have  been  granted,  and  more  recently  a  number  of  papers  have  appeared  in 
the  open  literature  dealing  with  the  thermolysis  of  urea  (both  with8"10  and 
without11’12  ammonium  nitrate,  and  with  and  without8  silica  gel  as  catalyst), 
culminating  in  the  description1 3  of  a  continuous  process  using  a  small  column. 

A  brief  summary  of  production  cost  factors  relative  to  those  for  other  methods 
has  been  made.1 


3  ANALYTICAL  METHODS 

A  number  of  methods  for  analysing  for  urea,  ammonium  nitrate,  and  guanidine 
nitrate  are  reported  in  the  literature.  Several  of  these  have  been  used  for 
the  analysis  of  fertilisers,  that  is,  for  systems  fairly  similar  to  those 
encountered  in  the  melt  from  the  silica  gel  process.  Thus,  urea  can  be 
determined  using  urease,15  17  colorimetrically  with  diacetyl  monoxime  and 
thiosemicarbazide,1  or  (if  interferences  from  ammonium  nitrate  can  be  removed) 
spectrophotometrically  in  the  ultraviolet.1 9,20  Ammonium  nitrate  in  the 
presence  of  guanidine  is  probably  determined  most  accurately  by  micro¬ 
diffusion.  1  Biuret  can  be  estimated  colorimetrically,2 2 * 23  spectrophoto¬ 
metrically,24  or  polarog^aphically.25,26 

Methods  are  also  available  for  melamine,  cyanuric  acid,  ammeline,  and 
ammelide.27-30 
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For  the  purposes  of  this  investigation  however,  it  was  decided  to  determine 
urea  colorimetrically  by  treatment  with  p-(N,N-dimethylamino)benzaldehyde,31 
total  nitrate  spectrophotometrically,32  and  guanidine  nitrate  "by  precipitation 
with  magnesium  dipicrylaminate.33  Ammonium  nitrate  concentrations  were  taken 
as  the  differences  between  the  total  nitrate  values  found  and  the  corresponding 
guanidine  nitrate  figures. 

3  1  Urea 

An  aliquot  ( 1 0  ml)  of  the  solution  was  treated  with  10  ml  of  the  reagent 
(prepared  from  2.0  g  of  p-(N,N-dimetbyl)aminobenzaldehyde  dissolved  in  100  ml 
of  ethanol  and  10  ml  of  concentrated  hydrochloric  acid),  made  up  to  23  ml 
in  a  volumetric  flask  and  allowed  to  stand  for  ten  minutes.31  The  absorbance 
of  a  typical  solution,  measured  against  a  blank  prepared  from  10  ml  of  the 
reagent  and  10  ml  of  distilled  water  is  shown  in  Figure  1 (a) ;  concentration 
can  be  determined  from  the  optical  density  at  425  nm,  and  Beer's  law  is 
followed  up  to  ICf2  M.  The  extinction  coefficient  depends  on  the  temperature 
of  the  solutions,  so  thermostatting  is  necessary. 

3  2  Total  Nitrate 

The  optical  density  of  the  solution  at  302  nm  (Figure  1 (b) )  is  a  measure  of 
the  nitrate  ion  concentration,  although  the  extinction  coefficient  is 
relatively  small  (K  7  1  mole  1  cm  1)*  Sodium  nitrate  can  be  used  for 
calibration,  and  temperature  has  relatively  little  effect  on  the  extinction 
coefficient  (-0.1^>  per  degree  Celsius).32 

3  3  Guanidine  Nitrate 

Dipicrylamine  (hexanitrodiphenylamine)  has  been  found  preferable  to  picrate 
for  the  precipitation  of  guanidine.33  Thus,  dipicrylamine  (12  g)  and 
magnesium  oxide  (1.5  g)  were  stirred  together  in  4-00  ml  of  water  for  12  h, 
allowed  to  3tand  overnight  and  the  solution  filtered.  Aliquots  of  the 
guanidine  nitrate  solutions  (adjusted  to  pH  8)  were  treated  with  a  2 Ofo  excess 
of  the  reagent  and  allowed  to  stand  for  two  hours  at  room  temperature, 
followed  by  thirty  minutes  at  0°C.  The  precipitate  formed  was  filtered  off 
as  quickly  as  possible,  washed  with  5  ml  of  a  solution  of  guanidine  dipicryl- 
aminate  (saturated  at  0°)  and  dried  at  110°C. 

Ammonium  nitrate,  but  not  urea,  interferes.  This  was  removed  by  treatment 
with  2Qfo  formaldehyde  solution  followed  by  sufficient  sodium  hydroxide  to 
bring  the  pH  back  to  8. 


4  MATERIALS 

Ammonium  nitrate  and  urea  were  both  Analar  grade  (*99»5%)»  They  were  dried 
overnight  in  an  oven  and  stored  in  desiccators. 

Urea  labelled  with  1 0O  was  prepared  from  H21  80  (Prochem  Ltd,  19«2/o  180)  and 
cyanamide.34 
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Ammonium  nitrate  labelled  with  15N  was  used  as  received  (Prochem  Ltd,  95;;i 
15NH4N03). 

4  1  Catalysts 

4  1  1  Silica  Cel 

Commercial  silica  gel  (BDH;  Crossfield  Intermediate  Density;  Crosfield  U30; 
Houdry  HSC  532)  and  silica  gel  free  from  sodium  ion,  prepared35  by  treating 
tetraethyl  silicate  with  hydrochloric  acid  were  used:  the  normal  drying  was 
overnight  in  an  oven  at  110°C, 

"Dr^ed"  or  "dehydrated"  silica  gel  was  obtained  by  heating  BDH  material  to 
600  C  for  8  h.  The  product  was  cooled  and  stored  in  a  vacuum  desiccator  and 
should  have  had  a  water  content  of  less  than  2%  (Table  l).36 

"Esterified"  silica  gel  resulted  when  silica  gel  was  refluxed  with  n-octanol 
for  4  h,  and  then  washed  with  ethanol  and  ether,  filtered  and  stored  in  an 
evacuated  desiccator. 

"Modified"  silica  gel,  described  in  two  Roumanian  patents,37’38  was  prepared 
by  refluxing  silica  gel  with  silicon  tetrachloride,  evaporating  off  excess 
reagent  and  treating  the  dry  solid  left  with  dry  gaseous  ammonia*  The 
product  was  sieved  to  remove  as  much  of  the  ammonium  chloride  produced  as 
possible. 

412  Miscellaneous 

Aluminium  oxide,  chromium  oxide,  and  titanium  dioxide  were  all  commercial 
materials  used  as  received,  after  drying  at  110°C.  Two  samples  of 
molecular  sieve  (Union  Carbide  4A  and  1 3X)  and  an  aluminosilicate  catalyst 
(Crosfield  Synclyst  3A)  were  treated  similarly. 


5  APPARATUS 

Most  reactions  were  carried  out  in  boiling  tubes,  as  described  previously.2 
The  small  scale  labelling  experiments  were  carried  out  with  the  apparatus 
shown  in  Figure  2  so  that  nitrous  oxide,  formed  at  higher  temperatures, 
could  be  trapped  in  a  nitrometer  filled  with  concentrated  potass ium 
hydroxide  solution  and  connected  to  the  exit  arm, 

A  Wood's  metal  bath  was  used  for  heating  the  tubes.  The  temperatures  of  the 
bath  and  tube  contents  were  monitored  and  controlled  either  manually  or  by 
the  use  of  a  Therm-o-Watch  controller. 


MASS  SPECTROMETRY 


Initial  experiments  searching  for  gaseous  intermediates  were  carried  out  at 
the  University  of  Essex  using  a  quadrupole  mass  spectrometer.  Measurements 
of  N  and  1  0  abundances  were  made  on  an  MS  30  double  beam  spectrometer. 
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Ihe  most  satisfactory  method,  found  for  introducing  ammonium  carbamate  was 
through  a  gas  inlet  (the  compound  is  very  volatile,  dissociating  into  ammonia 
and  carbon  dioxide);  this  avoided  contamination  of  the  spectrum  by  traces  of 
urea  vaporised  and  carried  over  in  the  gas  stream  with  ammonium  carbamate 
during  collection.  Guanidine  nitrate  and  urea  itself  were  examined  as  solids 
introduced  on  the  direct  insertion  probe. 


7  RESULTS 

7  1  Formation  of  Guanidine  Nitrate 


High  yields  of  guanidine  nitrate  can  be  obtained  if  the  silica  gel  used  is 
thoroughly  dry:  Figure  3  shows  (dotted  lines)  the  variation  in  products  and 
reactants  for  12  g  urea,  £6  g  ammonium  nitrate  and  6  g  of  the  dehydrated 
silica  gel  (2:2:1)  at  180  C.  Exposure  of  the  catalyst  to  the  air  for  one 
day  is  sufficient  to  reduce  the  amount  of  guanidine  nitrate  formed  by  50', > 
at  7  h  (the  solid  lines  refer  to  individual  tubes,  each  containing  initially 
2  g  urea,  2.7  g  ammonium  nitrate  and  1  g  of  silica  gel).  However,  it  should 
be  noted  that  these  results  are  for  a  single  experiment  (that  is,  for  one 
batch),  and  the  activity  of  the  catalyst  can  vary  with  time:  Table  2  shows 
the  results  for  Houdry  catalyst  at  1 80° C,  where  mixtures  of  12  g  urea  and  16  g 
ammonium  nitrate  were  added  to  6  g  of  catalyst,  heated  for  1^  h,  the  melt 
poured  off  and  analysed  —  the  same  catalyst  sample  being  used  throughout  the 
eight  runs. 

Finely  divided  catalysts  (U  30,  Synclyst  3A)  tend  to  show  a  more  vigorous 
reaction  initially,  but  less  conversion  over  an  extended  period:  thus  the 
yield  of  guanidine  nitrate  formed  by  U  30  under  the  conditions  of  Table  2 
decreased  by  a  factor  of  2  over  the  first  three  batches. 


Somewhat  different  results  are  obtained  when  each  batch  is  heated  for  up  to 
4  h,  and  when  the  experiment  is  continued  over  a  period  of  two  days.  Tables 
2-17  shew  results  obtained  for  silica  gel  prepared  from  tetraethyl  silicate, 
commercial  silica  gel,  and  Houdry  catalyst.  In  general,  weight  losses 
(volatiles)  decrease  steadily  with  time,  but  the  formation  of  guanidine 
nitrate  after  the  first  three  or  four  batches  becomes  irregular.  This  can 
best  be  seen  in  Figures  4  and  5,  along  with  the  corresponding  variations 
found  for  the  insolubles  contained  in  the  decanted  melts  (see  Figure  6). 
However,  these  must  be  treated  cautiously  since  Table  18  shows  that  a 
considerable  quantity  of  the  insolubles  found  is  actually  silica  gel  fines, 
not  additional  insoluble  material  (ammelide)  formed  during  the  reaction  as  is 
the  case  for  the  Houdry  catalyst. 


Tables  19-22  give  urea  conversions  and  guanidine  nitrate  yields,*  where 


urea  conversion  = 


(moles  of  urea  consumed) 

(moles  of  urea  added) 


The  efficiency  of  the  reaction  is  given  by  the  product  of  the  conversion  and 
yield: 

efficiency  =  2  (moles  of  guanidine  nitrate  formed) 

(moles  of  urea  added) 
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guanidine  nitrate  yield  *  gjmolea  of  guanidine  nitrate  formed) 

(moles  of  urea  consumed) 

In  general,  yields  tend  to  increase  with  time,  although  the  actual  values 
depend  on  the  temperature  of  the  experiment,  and  at  least  in  the  case  of 
Houdry  catalyst,  show  a  maximum  at  180°C  (2:2:1  composition).  Overall  the 
extent  of  conversion  tends  to  decrease  with  time,  markedly  for  Houdry 
catalyst,  less  so  for  silica  gel.  There  are  some  exceptions:  for  example, 
conversions  at  170  C  using  silica  gel  increase.  At  lower  temperatures,  at 
least  some  of  the  lew  conversion  is  due  to  the  formation  of  biuret  as  an 
intermediate  (compare  Table  19;  Figure  7). 

The  apparent  conversions  greater  than  1.00  are  not  due  to  experimental  errors: 
at  longer  times  the  amount  of  ammonium  carbamate  formed  decreases  (Tables  23, 

24;  Figure  8). 

The  weight  of  insolubles  found  in  the  melt  increases  rapidly  with  temperature; 
Figure  9  shows  the  variation  found  for  the  same  weights  of  guanidine  nitrate 
formed.  Almost  no  precipitate  is  produced  at  160  C,  although  the  Houdry 
catalyst  itself  shews  an  increase  in  weight  (Tables  3,  18). 

Commercial  (U30)  silica  gel  is  not  as  effective  as  silica  gel  prepared  from 
tetraethyl  silicate  (Tables  10,  11,  20,  22). 

7  2  Evidence  for  Intermediates 

Silica  gel  (BDH,  200  -  300  mesh;  2  g),  urea  (2  g),  and  ammonium  nitrate  (2.7  g) 
were  heated  together  at  180  C  for  5  min,  and  as  much  of  the  melt  a3  possible 
poured  off.  The  residue  was  allowed  to  cool  and  then  crushed:  small 
quantities  were  used  to  fill  capillary  glass  tubes.  These  in  turn  were 
introduced  directly  into  the  source  of  a  quadrupole  mass  spectrometer  and 
heated.  Spectra  were  recorded  once  every  two  minutes:  measurements  were 
made  either  as  a  function  of  time  and  temperature,  or  of  time  alone.  Figure 
10  shews  typical  variations  found  for  a  number  of  peaks  in  relation  to  their 
initial  heights.  A  comparison  of  the  mass  spectrum  of  the  reaction  mixture 
at  1 20° C  with  that  at  180°C  (Figure  11 )  shews  close  similarities  except  at 
m/b  30  and  m/e  46,  peaks  arising  from  the  nitrate  group  of  the  ammonium 
nitrate. 


8  LABELLING  EXPER MEM'S 
8  1  15  N-ammonium  Nitrate 

Since  at  least  one  mechanism  suggested3  for  the  silica  gel  reaction  involves 
formation  of  ammonia  from  the  reacting  ammonium  nitrate,  the  role  of  the 
various  nitrogen  atoms  has  been  investigated  using  ammonium  nitrate  labelled 
in  the  ammonium  ion  with  95  atom  per  cent  15N.  Figure  12  shows  part  of  the 
high  resolution  mass  spectrum  of  the  ammonium  carbamate  collected  after  3  h 
from  urea  (0.2992  g  :  2  moles),  ammonium  nitrate  (0.3995  g  ;  2  moles),  and 
BDH  silica  gel  (0.2572  g  ;  1 .7  moles).  Whereas  the  background  contains 
peaks  at  16.000  (0+),  17.0081  (HO  ),  18.0163  (H2O  ),  and  19.0224  (H30+),  the 
ammonium  carbamate  spectrum  shows  peaks  as  well  at 
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16.0238  (NH2+) 

17.0319  (nh3+) 

18.0401  (NE«+) 


16.0130  (15NH+) 
17.0211  (15NH2+) 
18.0293  (15NHs+) 
19.0374  (15NH4+) 


A  comparison  of  peak  heights  for  corresponding  species  (for  example,  NH2+  and 
i5NH2  )  gave  15N/14N  as  1/(2. 08  ±  0.1 ).  A  second  experiment,  using  the  same 
quantities  as  above,  but  heated  for  only  thirty  minutes  instead  of  three  hours, 
gave  ammonium  carbamate  with  the  15N/i4N  ratio  of  l/(l.91  ±  0.1 ). 


The  residue  from  the  first  experiment  was  dissolved  in  a  small  amount  of  hot 
water,  filtered,  and  the  filtrate  reduoed  to  half  volume  before  cooling. 
Guanidine  nitrate  precipitated  and  was  washed  with  a  small  amount  of  ethanol 
and  then  dried.  The  remaining  solution  was  evaporated  to  dryness  to  yield 
ammonium  nitrate.  The  mass  spectrum  of  guanidine  nitrate  has  been  reported 
in  the  literature:39  the  base  peak  is  3/e  59.  Figure  13  shows  the  mass 
spectrum  for  unlabelled  guanidine  nitrate,  together  with  that  obtained  for 
the  guanidine  nitrate  from  the  labelling  experiment.  It  is  clear  that 
3/e  60  and  61  have  replaced  3/3  59»  and  the  ratio  found  for  ia/e  61  :m/e  60  is 
4:5. 


The  ammonium  nitrate  recovered  was  boiled  with  a  small  amount  of  water  to  form 
nitrous  oxide.  The  3/e  44  and  45  peaks  in  the  mass  spectrum  of  this  gave  a 
14N/1SN  ratio  of  93«V^4. 

A  third  labelling  experiment  was  carried  out:  the  mixture,  containing 
ammonium  nitrate  (9.9  atom  per  cent1 5N)  was  swept  with  carbon  dioxide  and  the 
resulting  gases  pagsed  through  a  nitrometer.  The  temperature  used  for  the 
experiment  was  200  C  so  as  to  produce  a  reasonable  amount  of  gas.  Three 
samples  were  collected;  the  first,  from  the  first  fifty  minutes,  showed  a 
15N  content  of  2.79  atom  per  cent;  the  second  (up  to  seventy-five  minutes), 
2.82  atom  per  cent;  and  the  third,  2.86  15N  atom  per  cent.  The  value  for 
complete  randomisation  would  have  been  3*26  per  cent. 

82  1 80  Experiments 

The  small  scale  heating  experiments  of  the  last  section  were  repeated  using 
urea  containing  14*8  atom  per  cent  of  oxygen-l8.  The  relative  heights  of  the 
3/3  44  and  46  peaks  found  for  ammonium  carbamate  in  the  mass  spectrometer 
were  100:21.4  (the  calculated  values,  assuming  no  1 80  losses,  are  100:34.7), 
so  that  only  two-thirds  of  the  labelling  expected  was  f ound.  On  the  other 
hand,  repeating  the  experiment  using  the  same  sample  of  silica  gel  but  fresh 
(unlabelled)  urea  and  ammonium  nitrate  produced  ammonium  carbamate  containing 
2.3  atom  per  cent  of  180. 

9  DISCUSSION 

The  experiments  have  been  designed  to  lead  on  directly  from  the  earlier  work 
of  Roberts, 2,3  and  this  has  both  advantages  and  disadvantages.  It  does  mean 
that  a  number  of  the  early  conclusions  can  be  applied  to  the  present  work. 
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and  on  the  other  hand  some  of  the  conclusions  reached  here  serve  to  clarify 
earlier  points.  While  the  results  from  the  extended  runs  may  not  have  a 
direct  bearing  on  1  actors  involved  in  the  continuous  process,  they  do  serve 
to  show  some  of  the  points  that  must  be  considered  in  choosing  a  catalyst. 
Single  runs  of  1  h  or  even  4  h  do  not  necessarily  give  a  good  indication  of 
relative  catalytic  activity,  and  this  can  be  seen  from  a  comparison  of 
Table  2  and  Table  7. 

Batch-to-batch  variation  is  another  factor  which  may  be  important,  although 
more  difficult  to  deal  with.  In  the  present  study,  one  batch  of  Houdry  beads 
has  been  compared  mostly  with  silica  gel  prepared  from  tetraethyl  silicate 
and  hydrochloric  acid.  Such  material  contains  almost  no  impurities  beyond 
a  trace  of  iron  (0.046%  Fe:  overall  purity,  99.936%), 40  it  can  be  obtained 
in  relatively  large  pieces  (>  8  mesh),  and  its  properties  are  generally 
reproducible.  It  is  thus  a  good  standard  material,  unlike  commercial 
silica  gel  which  may  have  been  prepared  by  different  (although  unknown) 
methods  and  where  the  activity  varies  from  one  batch  to  the  next.  'Where 
experiments  were  carried  out  with  commercial  (BDH,  Crosfield)  silica,  this 
has  been  indicated  in  the  tables. 

Some  studies  of  the  effect  of  catalyst  particle  size  on  the  reaction  rate 
have  already  been  made.J  Although  finer  material  may  speed  up  the 
conversion  to  guanidine  nitrate,  mechanical  losses  tend  to  be  much  greater 
during  decanting  oi  the  melt:  an  extreme  case  of  this  was  found  with 
Porasil  A  (Pechiney-St  Gobain:  100  -  150  mesh)  and  porous  glass  (Applied 
Science  Laboratories:  60  -  80  mesh):  the  results  of  several  experiments  are 
shown  m  Table  25.  While  the  amount  of  guanidine  nitrate  formed  by  the 
Porasil  was  much  greater,  the  catalyst  tended  to  form  a  gel  with  the  melt 
and  after  the  second  run  it  was  impossible  to  separate  the  two.  This  did 
not  happen  with  the  porous  glass.  Temperature  also  plays  a  part  in 
catalyst  losses;  higher  temperatures  reduce  particle  size  much  more 
rapidly,  with  the  result  that  significant  quantities  of  catalyst  fines  may 
be  found  m  the  melt.  Table  12  shows  that  this  can  happen  for  the  Houdry 
catalyst  as  well. 

A  number  of  points  arise  from  the  results  listed  in  Tables  2-17:  it  is 
clear  for  example  that  the  amount  of  insoluble  material  (ammelide)  increases 
rapidly  with  temperature.  In  the  case  of  the  Houdry  catalyst,  part  of  the 
insolubles  are  formed  at  the  expense  of  guanidine  nitrate  so  that  although 
the  time  of  heating  at  1 90  C  was  reduced  so  as  to  give  approximately  the 
same  degree  of  urea  conversion  as  at  180  C  (Table  8),  the  guanidine  nitrate 
yields  were  reduced  by  15%.  A  comparison  of  Tables  19  and  20  shows  the 
dii  1  erences  between  silica  gel  and  the  Houdry  beads:  temperature  for 
temperature,  conversions  are  generally  higher  for  the  Houdry  catalyst  (except 
at  190  CJ.  The  fluctuations  in  guanidine  nitrate  formation  and  the  accomp¬ 
anying  variations  in  the  amount  of  insolubles  formed  have  already  been  noted 
and  are  shown  in  Figures  4-6:  in  the  case  of  the  Houdry  catalyst  there 
appears  to  be  a  shell  of  insoluble  material  building  up  around  the  beads. 

From  time  to  time  pieces  of  this  crack  off,  but  even  so,  such  a  formation 
preventing  easy  access  of  reagents  could  account  for  the  decrease  in 
conversion  noted.  Low  conversions  at  low  temperatures  result  partly  from 
the  deammoniation  of  urea  to  biuret:  in  a  batch  reaction  this  leads  to  a 
non-productive  consumption  of  urea  (in  a  continuous  process  with  recycle,  the 
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biuret  provides  a  further  source  of  guanidine  nitrate). 

\ 

tfhile  conversions  are  lower  for  the  silica  gel  prepared  from  tetraethyl 
silicate  when  compared  with  the  Houdry  catalyst,  they  are  a  little  better 
than  those  from  commercial  silica  gel  (U  30)  and  so  are  the  yields.  It 
should  be  pointed  out  here  that  the  first  values  given  in  each  column  for 
yield  and  conversion  have  little  significance  since  they  are  based  only  on 
the  amount  of  material  actually  decanted  from  the  catalyst:  this  may  be 
small  compared  with  the  quantities  subsequently  recovered  -  hence  the  reason 
for  the  parentheses  shown  (see  the  discussion  later  on  the  effect  this 
retention  of  melt  has  on  the  average  reaction  time).  However,  Tables  19  - 
21  do  suggest  that  the  reaction  is  more  sensitive  to  relative  proportions  of 
reactants  and  catalyst  when  silica  gel  is  used,  showing  in  the  conversions 
obtained. 

Section  9  1  notwithstanding,  the  relationship  between  amount  of  catalyst 
(that  is,  the  weight  added)  and  yield  of  guanidine  nitrate  is  not  simple 
when  the  catalyst  is  retained  for  more  than  one  batch.  Tables  20  and  21 
show  that  as  long  as  there  is  little  loss  of  silica  gel,  the  yield  increases 
with  time,  particularly  at  the  lower  catalyst: reactants  ratios.  This 
increase  helps  offset  any  decrease  resulting  from  mechanical  losses  of  the 
catalyst  in  decanting  the  melts  (as  for  example  in  the  experiments  of 
Table  16).  Further  levelling  is  due  to  the  fact  that  mixtures  which  are 
subject  to  high  catalyst  losses  (either  because  of  high  catalyst  levels  or 
finely  divided  material),  are  just  those  where  a  significant  quantity  of  the 
melt  is  retained  on  the  catalyst  each  time.  The  system  of  Table  10  (U  30 
si  Lieu  gel)  is  one:  others  can  be  recognised  easily  since  the  amount  of  melt 
recovered  from  the  fir3t  stage  is  very  much  less  than  from  the  succeeding. 
Even  where  the  hold-back  is  moderate,  as  with  silica  gel  prepared  from  tetra¬ 
ethyl  silicate,  the  average  residence  time  of  the  reactants  may  be  quite 
large.  Figure  14  shows  the  distribution  found  for  a  2:2:1. 7  system  with 
each  batch  heated  for  34  hours  at  180  C.  Here  approximately  one— third  of 
the  melt  is  retained  by  the  catalyst:  assuming  uniform  mixing  over  the 
heating  period,  this  leads  to  an  average  residence  time  of  5.45  h.  After 
the  fifth  batch,  one— third  of  the  components  in  the  melt  recovered  have  been 
heated  for  7?  hours,  and  one  tenth  have  been  heated  for  11^  hours  (the  actual 
fractions  vary  slightly  depending  on  the  weight  of  melt  decanted). 

The  simple  mechanism  deduced  later  suggests  that  there  should  be  a  linear 
relation  between  the  number  of  active  sites  provided  by  the  catalyst  and  the 
rate  of  reaction.  This  does  not  mean  a  linear  relationship  between  the 
amount  of  guanidine  nitrate  formed  in  a  given  time  and  the  amount  of 
catalyst  in  the  system.  Yields  may  be  high,  even  greater  than  1.0  (Tables 
1 3»  2l),  at  very  low  catalyst  levels  because  of  the  relative  importance  of 
the  uncatalysed  path.  Efficiencies,  however,  remain  low  unless  the  amount 
of  catalyst  is  increased. 

9  1  Labelling  Experiments  and  the  Reaction  Mechanism 

Analysis  of  the  ammonium  carbamate  from  the  15N  labelling  experiments 
suggests  that  considerable  mixing  of  the  nitrogens  (other  than  that  of  the 
nitrate  group)  takes  place.  It  seems  unlikely  that  this  arises  from  direct 
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interchange  between  gaseous  ammonia  and  ammonium  nitrate, 

NH3  +  15NH4N03  *  15NH5  ♦  NK,N03 

since  there  is  little  difference  in  the  15N/*4N  ratios  found  at  30  min  and 
2  h.  On  the  other  hand,  direct  exchange  between  ammonium  nitrate  and  urea 
is  also  slow.41  Randomisation  is  not  a  general  phenomenon  in  the  system, 
for  the  mass  spectrum  of  the  guanidine  nitrate  formed  shows  peaks  at  60 
and  61,  corresponding  to  the  moleoular  ions  of  species  containing  one  and 
two  15N  atoms  respectively  (randomisation,  starting  from  equimolar  amounts 
of  urea  and  95  atom  per  cent15N  ammonium  nitrate  would  lead  to  a  mixture  of 
guanidine  nitrates  containing  zero,  one,  two,  and  three  15N  atoms  in  the 
proportions  of  O.0328:0«2089:O»4439*O*3144)  s  no  ny'e_62is  found.  The  overall 
isotopic  content  is  considerably  higher  than  in  the  ammonium  carbamate 
(51*8  atom  percent  as  against  32.5)*  An  approximate  calculation  to  balance 
the  isotope  content  of  reactants  and  products  confirms  that  the  15N  content 
of  the  ammonium  nitrate  left  after  reaction  should  be  low  (compare  the 
nitrous  oxide  value  in  the  Results  section).  The  mechanism  outlined  below 
can  go  a  long  way  in  explaining  the  earlier3  results,  where  only  the  reaction 
of  dimethyl  urea  with  ammonium  nitrate  gave  rise  to  methylguanidine  nitrate, 
and  the  reaction  of  methyl  urea  and  ammonium  nitrate  formed  guanidine  nitrate, 
together  with  a  sublimate  smelling  of  both  ammonia  and  methylamine. 

It  has  been  shewn3*8  that  urea,  heated  alone  or  with  silica  gel  gives  rise 
to  some  guanidine  (in  the  form  of  the  cyanate  or  carbonate), but  not  very 
much.  On  the  other  hand,  heating  a  mixture  of  ammonium  nitrate  and  urea 
with  esterified  silica  gel  produces  only  traces  of  guanidine  nitrate.  This 
suggests  that  both  hydroxyl  groups  and  ammonium  ions  are  necessary  for  good 
yields.  Water  present  in  the  silica  gel  or  reactants  can  reduce  the  yield, 
due  to  loss  of  urea  as  ammonium  carbamate  (but  see  below),  and  removal  of 
watgr  (either  by  heating  the  silica  gel  to  a  high  temperature  -  but  below 
800  C  -  or  by  reaction  with  silicon  tetrachloride  and  ammonia37)  can  improve 
the  yield  as  shown  in  Figure  3.  But  this  is  only  a  temporary  improvement, 
and  the  silica  gel  probably  reaches  an  equilibrium  with  water  produced 
during  the  course  of  the  reaction.3  On  the  other  hand,  the  results  of 
Figure  8  and  Tables  19,  20  and  21  show  that  at  least  when  the  reaction  is 
carried  out  in  a  boiling  tube  the  ratio  of  guanidine  nitrate/ ammonium 
carbamate  rises  above  the  value  of  1.00  predicted  by  the  simple  hypothesis 
of  two  moles  of  urea  reacting  with  one  of  ammonium  nitrate  to  give  one  mole 
of  guanidine  nitrate  and  one  of  ammonium  carbgmate.  A  possible  explanation 
for  this  lies  in  the  observations  made  at  180  C. 

Using  silica  gel  (2:2:1  composition),  the  melts  obtained  were  clear  both 
when  decanted  from  the  catalyst  and  while  they  were  liquid,  and  they 
produced  insolubles  only  when  diluted  with  water.  The  weight  losses 
recorded  during  the  course  of  the  experiments  show  that  these  insolubles 
are  silica  gel,  not  ammelide  produced  during  the  reaction  itself.  The 
most  likely  explanation  is  that  melt-soluble  ammonium  silicates  form: 

Si02  +  2NHs  +  IfeO  =  (NH4  )2 SiQs 

Si02  +  im 3  +  2H2O  =  (NH4)4Si04 
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Such  salts  are  unknown  in  aqueous 
hydrolysis: 


solution  because  they  undergo  spontaneous 


(NH4 )2  Si03  +  2H20  =  2NH4OH  +  Si02.H20 

Their  formation  however,  by  providing  an  additional  path  for  water  removal 
would  promote  the  conversion  of  additional  urea  to  guanidine  nitrate  and  thus 
account  for  the  higher  yields  observed. 

The  1  80  experiments,  where  only  two-thirds  of  the  oxygen  expected  is 
recovered  in  the  ammonium  carbamate,  show  that  the  hydroxyl  groups  (or  at 
least  the  surface  oxygens)  of  the  silica  gel  participate  in  an  exchange 
reaction  with  the  oxygen  of  the  urea  C=0  group,  and  this  can  be  accounted 
1  or  in  the  reaction  scheme: 


or 


NIL,  NO  3  ^ 

NH4NO3  - 

NH3  +  HN03 

K 

mu+  +  no3'  J 

NH2C=0.NH2  t 

NH3  +  HOCN 

0) 

H0_„.+ 

A  * 

NHa  C^O.NHa  * 

H0^i+  -  o~c(nh2  )2 

(2) 

t 

+ 

M 

O 

1 

O 

1 

+ 

■H. — ' 

co^ 

/ 

H0^0H  +  c(nh2)3+ 

(3) 

H0'Si  0H  * 

/\ 

NCOH  -♦ 

HOn^  -  0-feN  +  H20 

(4) 

HOxSi  -  0-CfeN 
/\ 

+  NH4+  -♦ 

®^+  -  0-C(NH2)2 

(5) 

H°"Si  -O-ON 

/\ 

+  H20  - 

H°^Si  -OCONIfc 

(6) 

H°^  -0C0NH2 

hon„j  + 

^i  +  NHa  C02 

(7) 

NHa  C02 

+  NH4+ 

2  NH3  -*•  C02 

(8) 

This  is  coupled  with  a  secondary  path  involving  the  formation  of  biuret: 

NH2C=0.NH2  *  NH3  +  HOCN  (l) 

HOCN  +  NH2  C=0#NH2  -*  NKfe  C=O.NH.  C=O.NIfc  (9) 

Evidence  for  reaction  (l)  has  been  presented  previously;3  a  mixture  of 

ammonium  nitrate  and  potassium  cyanate  can  be  used  in  place  of  ammonium  nitrate 
and  urea. 


By  assuming  steady  state  conditions  for  reactions  (l)  to  (3)  the  rate  of 
formation  of  guanidine  nitrate  is  given  by 

d( guanidine  nitrate )/dt  =  (urea) (ammonium  nitrate) 

k3  (ammonium  nitrate)  +  k 

-2 
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where  (s)  is  the  concentration  of  free  active  sites  on  the  silica  gel.  Since 
ammonium  nitrate  is  generally  in  excess  so  that  its  concentration  changes  only 
slowly,  the  formation  of  guanidine  nitrate  is  approximately  second  order,  first 
in  both  ammonium  nitrate  and  urea.  Table  26  lists  data  from  Figure  7  for 
guanidine  nitrate,  ammonium  nitrate,  and  urea  concentrations  at  different 
times,  and  the  comparison  between  guanidine  nitrate  values  calculated  from  a 
second  order  rate  law  by  graphical  integration  and  the  actual  values  is 
shown  in  Figure  15*  Reactions  (5)  and  (i)  in  the  mechanism  account  for  the 
occurrence  of  two  labelled  nitrogens  in  guanidine  nitrate  from  the  labelling 
experiments:  a  second  path  for  the  exchange  might  involve  urea-ammonium 
cyanate-ammonium  nitrate,  but  this  should  show  a  greater  time  dependence 
than  is  found.  The  steady  state  approximation  can  be  extended  to  cover  all 
steps  (l )  to  (8),  but  the  treatment  still  shows  that  formation  of  guanidine 
nitrate  is  approximately  second  order. 

9  2  Gaseous  Intermediates 

Other  workers  have  claimed  that  decomposition  of  urea  by  itself  involves 
the  simultaneous  dehydration  and  deammoniation  of  the  NH2C=0.NH2  molecule 
(the  two  primary  reactions)  to  give  on  the  one  hand  cyanamide  and  on  the  other 
cyanic  acid.  In  spite  of  this,  chemical  tests  have  failed  to  detect  any 
cyanamide,  and  the  concentration  of  cyanic  acid  in  the  melts  has  been 
estimated  at  less  than  0.005,'o.  It  was  hoped  that  the  quadrupole  mass 
spectrometer  might  produce  a  tool  for  examining  the  point  further  for  the 
urea  —  ammonium  nitrate  nitrate  mixtures,  but  the  experiments  were 
inconclusive. 
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APPENDIX 

THE  PHASE  DIAGRAM  FOR  THE  SYSTEM  AMMONIUM  NITRATE  -  UREA  -  GUANIDINE  NITRATE 


The  solidus  +  liquidus  equilibrium  temperatures  were  determined  for  mixtures 
of  ammonium  nitrate  with  urea  and  with  guanidine  nitrate,  of  guanidine 
nitrate  with  urea,  and  of  guanidine  nitrate,  urea,  and  ammonium  nitrate 
together,  by  recording  cooling  curves  with  an  accuracy  of  _+  0.5°C.  The 
samples  generally  contained  10  -  30  6  the  components,  and  the  composition 
was  determined  from  the  weights  of  the  solids  taken.  To  avoid  decomposition 
atQelevated  temperatures,  no  sample  was  raised  to  a  temperature  more  than 
C  above  the  melting  point.  At  the  same  time,  the  sample  was  kept  homo¬ 
geneous  by  efficient  stirring.  Approximately  150  equilibrium  temperatures 
were  measured,  and  these  are  listed  in  the  table.  The  temperature 
projection  on  the  basal  plane  (constant  pressure  assumed)  is  shown  in  the 
figure.  The  ternary  eutectic  point  occurs  at  guanidine  nitrate,  5$; 
ammonium  nitrate,  50$;  urea,  45$  (all  by  weight),  giving  a  minimum 
temperature  of  42.0  C  for  the  system. 
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SOLIDUS  +  LIQUIDUS  EQUILIBRIUM  TEMPERATURES 


Guanidine  Nitrate  Ammonium  Nitrate 

(weight  percentage) 

Urea 

Temperature, 

°C 

5 

50 

45 

42 

7 

49 

44 

43 

7 

47 

46 

43 

5 

51 

43 

43 

4 

50 

46 

43 

5 

52 

45 

43 

2 

53 

45 

44 

- 

54 

47* 

44£ 

3 

50 

47 

45 

1 

52 

47 

45 

- 

55 

45 

46 

8* 

48 

43* 

47 

5 

52 

43 

47 

5 

47* 

47* 

48 

9 

46 

45 

49 

- 

57 

43 

49 

7 

52 

4i 

50 

10 

43 

47 

51 

9 

50 

4i 

51 

2 

55 

43 

51 

8 

43 

49 

52 

7 

44 

49 

52 

9 

51 

40 

53 

5 

45 

50 

53 

3 

55 

42 

53 

10 

45 

45 

53 

10 

40 

50 

54 

10 

50 

44 

56 

5 

55 

4o 

57 

- 

47 

53 

57* 
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Guanidine 

Nitrate  Ammonium  Nitrate  Urea 

(weight  percentage) 

Temperature , 

°c 

7 

55 

38 

59 

13 

37 

50 

60 

11 

50 

39 

60 

7 

4o 

53 

60 

3 

58 

39 

60 

12 

35 

53 

61 

10 

54 

36 

61 

10 

37 

53 

61 

12 

44 

44 

62 

10 

55 

35 

62 

- 

6i£ 

382 

62 

11 

53 

36 

63 

6 

57 
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64 
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35 

55 

65 
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32 

53 
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372 
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74 
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16J 

43 

4o2 

77 

14J 
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33 

62  , 

77 
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Guanidine  Nitrate  Ammonium  Nitrate 

(weight  percentage) 

Urea 

Temperature , 

°C 

15 

25 

6o 

78 

5 

63 

32 

78 

25 

19 

56 

79 

24 

17 

59 

79 

20 

30 

50 

79 

10 

28 

62 

79 

9 

62 

29 

79 

20 

20 

6o 

8o 

26 

15 

59 

8o 

20 

34 

46 
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27 

16 

57 

82 

24 

23 

53 

82 

16 
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34 
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38 
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45 
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90 
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62 

21 

91 

16 

63 
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91 
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- 
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40 

- 

60 

92 
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50 

30 

93 

- 

73 

27 

94* 
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Guanidine  Nitrate  Ammonium  Nitrate 

(weight  percentage) 

Urea 

Temperature, 

°C 

33l 

- 

661 

95i 

20 

10 

70 

97 

- 

211 

781 

99 

32 

21 

47 

100 

26 

39 

35 
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10 

15 

75 
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105 
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75 
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74 
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2h 
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10 

83 

ill 
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70 
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ill 
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30 
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64 
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- 

12 
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82 
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1141 

50 

- 
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40 

20 

40 
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24 

71 

5 

119 
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70 

5 

119 

29 

57 

14 
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15 
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85 

120 
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79 

11 

120 

471 
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451 
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25 

71 

4 

121 

5 

5 

90 

121 

451 

9 
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Guanidine  Nitrate  Ammonium  Nitrate  Urea 

(weight  percentage) 

Temperature , 

°C 

25 

72 
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122 

15 

78 

7 

123 

32 

53 
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125 
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10 

125 

28 

65 
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5 
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■■ 
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Guanidine  Nitrate  Ammonium  Nitrate 

(weight  percentage) 

Urea 

Temperature, 

°C 

- 

100 

- 

169^ 

70 

20 

10 

172 

90 

- 

10 

184£ 

70 

50 

- 

185 

100 

- 

- 

217 
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TABLE  1 

WATER  CONTENTS  OF  A  TYPICAL  SILICA  GEL36 


Temp, 

°C 

200 

400 

600 

8oo 

900 

Specific  surface 

715* 

639 

546 

397 

237 

Water 

65b 

40 

17.5 

5.5 

2 

Surface  coverage 

0.46c 

0.32 

0.16 

0.07 

0.04 

Q  2  K  J 

mg  of  anhydrous 

solid 

^mg  g-1  of  anhydrous 

solid 

fraction  of  surface 

covered 

by  OH  groups 
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TABLE  7 
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height  (g)  from  6  g  Houdry  catalyst  with  increments  of  12  g  urea,  16  g  ammonium  nitrate 
^Moles  per  2  moles  urea  (12  g)  added 
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TABLE  9 

BATCH  RUNS  (3.75  h  at  l80°C)  USING  SILICA  GEL,  AMMONIUM  NITRATE,  AND  UREA  (l. 7:2:2) 
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TABLE  10 

BATCH  RUNS  (j.75  h  at  l80°C)  USING  AMMONIUM  NITRATE,  UREA,  SILICA  GEL  (2:2s T ) 
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BATCH  RUNS  (100  min  at  190°C)  USING  AMMONIUM  NITRATE,  UREA,  HOUDRY  CATALYST  (2:2: 1.7) 


UNCLASSIFIED 


rO 

o5 

<D 

vo  c 

o-  < 
t  r 

O  r-  CO 

3  'ft  5 

IN 

CSv 

m 

ft  5 

-4-  i* 

co 

iA 

-4- 

-4* 

f 

3 

-4" 

v£> 

m 

-3- 

o 

o 

<D 

-P 

■P  cfi 

H  P 

(U  +> 


<D 

KN 

x~ 

in 

ft 

IN 

ON 

m 

m 

ft 

VO 

m 

m 

OJ 

-4" 

-3* 

Ov 

ft 

-4" 

VO 

r- 

-4- 

5 

m 

OJ 

fn 

m 

ON 

in 

m 

•H 

o 

9 


o 

cti 

(0 

<1> 

r H 

s 

in 

N 

ov 

r- 

m 

-4" 

n 

-4“ 

tn 

in 

-4- 

& 

CO 

OO 

m 

v~ 

x~ 

r- 

m 

ft 

m 

X~ 

o5 

3 

o 

T“ 

x~ 

Ol 

OJ 

-4" 

m 

-4- 

-4" 

-4- 

IN 

<D 

rH 

u 

O 

o 

3 

M 

ctf 

3 

(1) 

h 

<H 

O 

«s 

b0 

O 

-P  *P 

(\1 

o 

m 

x- 

OJ 

-3* 

CO 

OO 

r- 

VO 

o 

OV 

O 

b0 

X- 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

v-/ 

•H  B 

o- 

oj 

OJ 

OJ 

o 

m 

OO 

in 

OJ 

V” 

V” 

m 

OJ 

o 

OJ 

OJ 

OJ 

OJ 

OJ 

x~ 

OJ 

OJ 

OJ 

OJ 

OJ 

X~ 

to 

re  <« 

<D 

O 

e 

H 

o 

O 

p 

E 

<P 

-p 

(\J 

•4- 

m 

m 

VO 

VO 

m 

oo 

m 

-4" 

^ab 

P 

•H  10 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

<D 

<1>  O 

^  rH 

CO 

in 

LA 

in 

in 

-4" 

VO 

in 

VO 

VO 

VO 

in 

-P 

*S> 

(0 

<D 

•H 

rH 

g 

<1> 

O 

3 

w 

r* 

OJ 

m 

-3- 

in 

VO 

CN 

CO 

Ov 

10 

x~ 

CVJ 

x~ 

c? 

34 

UNCLASSIFIED 


Weight  of  catalyst  at  end  of  series:  9*527  g 


TABLE  13 
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BATCH  RUNS  (100  min  at  190°C)  USING  AMMONIUM  NITRATE,  UREA,  SILICA  GEL  (2:2: 1.7) 
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Catalyst  left  in  tube  at  end  of  experiment:  3.576  g 


TABLE  17 

BATCH  RUNS  (100  min  at  190°C)  USING  AMMONIUM  NITRATE,  INTERMEDIATE  DENSITY  SILICA  GEL, 
UREA  (2:1.7:2) 
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TABLE  18 


INSOLUBLES  RECOVERED  FROM  MELTS 


Reactants 

a 

a 

a 

a 

a 

e 

a 

a' 

a' 

a' 


Weight  of 

Insolubles 

Catalyst 

Total 

Catalyst 

Runs 

in  melt 

recovered 

Insolubles 

(g) 

(g) 

(g) 

(g) 

10.2 

11b 

0 

15-16 

4.96 

10.2 

13° 

1.39 

l4.i6 

5-35 

6 

13d 

2.84 

8.49 

5.33 

6 

3d 

0.45 

7.15 

1.60 

3 

7d 
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4.33 

3.33 

4.68 
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13 

4.06 

11.10 

9.16 

10.2 

13 

3-99 

9.53 

3-32 

10.2 

1  ib  * 

.  • 
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9.03 

«*, 

10.2 

13° 

0.52 

10.09 

o.4i 

10.2 

I3f 

5.85 

6.98 

2.63 

(i)  Houdry  Catalyst 

12  g  urea,  16  g  ammonium  nitrate,  boiling  tube 
b4  h  at  l60°C 
C4  h  at  170°C 


d3.75  h  at  180°C 


12  g  urea,  16  g  ammonium  nitrate,  beaker 

£ 

100  min  at  190°C 


(ii)  Silica  Gel 

a* 

12  g  urea,  l6  g  ammonium  nitrate,  boiling  tube 
b  4  h  at  l60°C 
C'4  h  at  170°C 

ft 

100  min  at  190  C 
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TABLE  23 

CUMULATIVE  WEIGHT  LOSSES  vs  GUANIDINE  NITRATE  PRODUCED 
(EFFICIENCIES)  AT  170°C 


(a)  Houdry  catalyst 


Weight  loss 

(as  mole  of  ammonium  Guanidine  Nitrate 

carbamate)  (mole) 


0.074 

.126 

.196 

.246 

.300 

.351 

.423 

.482 

.532 

.580 

.633 

.686 

.731 


0.094 

.133 

.174 

.212 

.255 

.295 

.337 

.385 

.424 

.476 

.518 

.560 

.603 


0.015 

.060 

.116 

.180 

.235 

.253 

.306 

.351 

.394 

.431 

.484 

.542 

.587 

(b )  Silica  gel 

0.017 

.050 

.096 

.166 

.208 

.235 

.238 

.263 

.293 

.335 

.377 

.428 

.463 
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TABLE  24 

CUMULATIVE  WEIGHT  LOSSES  vs  GUANIDINE  NITRATE  PRODUCED 
(EFFICIENCIES)  AT  180°C 


Weight  loss 

(as  mole  of  ammonium  Guanidine  Nitrate 

carbamate)  (mole) 


0.087 

0.0577 

.151 

.115 

.215 

.176 

.286 

CO 

CNJ 

• 

.347 

.300 

.424 

.373 

.501 

.471 

.567 

•  576 

.629 

.671 

.690 

.736 

.751 

0 

CO 

• 

.800 

.871 

.847 

.927 

46 

UNCLASSIFIED 


UNCLASSIFIED 


TABLE  25 

BATCH  RUNS  (100  min  at  190°C)  WITH  AMMONIUM  NITRATE, 
UREA,  AND  PORASIL  OR  POROUS  GLASS 


Porasil 

Porous 

Glass 

Weight 

Guanidine 

Weight 

Guanidine 

Run 

lossa 

Nitrate*3 

loss& 

Nitrate** 

1 

4.0 

0.22 

2.8 

0.10 

2 

2.5 

.91 

2.0 

.10 

3 

- 

- 

1.8 

.09 

height  (g)  from  6  g  urea 
^Moles  per  2  moles  (6  g)  urea 
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TABLE  26 

RELATIVE  CONCENTRATIONS  OF  GUANIDINE  NITRATE, 
AMMONIUM  NITRATE,  AND  UREA 


Time  (min) 

Guanidine  Nitrate 

Ammonium  Nitrate 

Urea 

0 

0 

1.50 

2.0 

10 

.24 

1.25 

1.20 

20 

CO 

r^\ 

• 

1.11 

.91 

30 

.49 

1.01 

.73 

40 

.58 

.92 

.61 

50 

•  64 

.86 

.53 

60 

.70 

0 

CO 

• 

*47s 

120 

.85 

.65 

.16 

180 

.89 

.60 

.02 
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FIGURES  1-15 
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Figure  1 . 


Absorption  peaks  used  for  the  determination 

(a)  urea 

(b)  total  nitrate  ion  concentrations 
(DK2  spectrophotometer,  1  cm  silica  cells) 
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Figure  2. 


Apparatus  f or  small  scale  labelling  experiments 
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fig.  2 
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Figure  3.  Time  and  reactant  concentrations 

(ammonium  nitratesurea: silica  gel  2:2:1 
1 80°  C) 
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FIG- 3 
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Figure  4* 


Batch  processes  -  180°C;  production 
of  guanidine  nitrate  per  run  (reaction 
efficiency) 
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guanidine  nitrate  (mol) 
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Figure  5. 


Comparison  of  Catalysts:  190°C  (reaction 
efficiency) 

— O —  silica  gel 
•  Houdry  catalyst 
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o  silica  gel 
•  Houdry  catalyst 


FIG.  5 
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Figure  6.  Batoh  processes.  Insolubles  in  melt,  per  run 
— • —  Houdry  catalyst 
— O —  silica  gel 
(2j2:1.7  190°C  100  min  runs) 
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2  run  number  10  14 


FIG.  6 
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Figure  7. 


Biuret  formation  in  the  early  stages  of  the  reaction.1 
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Figure  8. 


Relation  between  volatiles  lost  (expressed  as 
ammonium  carbamate)  and  the  amount  of  guanidine  nitrate 
formed  (l80°C;  total  time  of  experiment  42h) 
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FIG.  8 
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Fi glare  9* 


Insolubles  recovered  from  melts 
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Figure  10.  Variations  observed  in  some  peak  heights  in  the  mass 

spectrum  of  the  reaction  mixture  (quadrupole  spectrometer, 
1 20°C) 
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Figure  11.  Mass  spectra  of  the  reaction  mixture  (ammonium  nitrate, 
urea,  silica  gel)  at  120  and  180°C  (quadrupole 
spectrometer) 
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Figure  12 


High  resolution  spectrum  of  ammonium  carbamate 
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Figure  1 3 


Low  resolution  spectrum  of  guanidine  nitrate: 

(a)  from  labelling  experiment 

(b)  unlabelled  guanidine  nitrate 

(c)  background 
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Figure  14»  Residence  time  distribution  for  a  2:2:1. 7  system; 
180°C  for  3?  hours: 

(a)  assuming  complete  transfer  of  melt 

(b)  experimental  results  for  silica  gel  from 
tetraethyl  silicate 
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Figure  15 


-  i*’ 


Calculated  and  experimental  values  for  guanidine  nitrate 
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